Summary -To expand our knowledge about the compatibility of entomopathogenic nematodes (EPN) to pesticides, we studied the compatibility of EPN infective juveniles (IJ) to five acaricides under laboratory conditions. Four EPN species were used: Steinernema feltiae, S. carpocapsae, S. kraussei and Heterorhabditis bacteriophora. The results of our laboratory investigation showed that H. bacteriophora was the most tolerant EPN species and the most sensitive species was S. feltiae. Our observations showed that S. feltiae can be mixed with only two acaricides. The active substance (a.s.) fenpyroximate proved to be the most suitable for mixing with EPN. Fenpyroximate was only lethal to S. feltiae (44% mortality) at 25°C. The mortality of EPN was highest in the a.s. abamectin and pyrethrin. The mortality of EPN was influenced by species, exposure time, a.s. and temperature. The combined use of EPN and acaricides could represent an advantage in integrated plant protection programmes.
Entomopathogenic nematodes (EPN) of the genera Heterorhabditis and Steinernema are widely used in classical, conservational and augmentative biological control programmes (Dolinski et al., 2012) . EPN form a dauer or stress-resistant stage known as the infective juvenile (IJ), which is the only free-living stage in the nematode's life cycle. Additionally, the IJ are responsible for vectoring entomopathogenic bacteria from one insect host to another. Steinernematids vector Xenorhabdus, while heterorhabditids partner with Photorhabdus bacteria. After entering an insect host, IJ migrate to the haemolymph where they recover from their arrested state of development and release their bacterial symbionts. The bacteria reproduce, release toxins and kill the insect within 24-48 h (Gaugler, 2002) . With the implementation of integrated pest management (IPM) techniques that use both biological control agents and chemical pesticides, the compatibility of EPN with chemical pesticides needs to be established (García del Pino & Jové, 2005; Laznik & Trdan, 2014) .
For a short period of time (from 2-24 h) IJ of EPN can be exposed to numerous chemical and biotic insecticides, fungicides, herbicides, fertilisers and growth reg- * Corresponding author, e-mail: ziga.laznik@bf.uni-lj.si ulators; hence, they can be mixed with these substances and applied to plants simultaneously (Rovesti & Deseö, 1990; García-del-Pino & Morton, 2010; Laznik et al., 2012; Laznik & Trdan, 2014) . The combination of EPN and acaricides could save time and money by simultaneously suppressing insects and mites in glasshouses. For example, spotted spider mite (Tetranychus urticae) , which frequently appears in glasshouses simultaneously with some other insect species, such as western flower thrips (Frankliniella occidentalis) and the greenhouse whitefly (Trialeurodes vaporariorum), could be suppressed with this combination. Some related studies showed that EPN can be effective biotic agents for the suppression of these insect species (Trdan et al., 2007; Laznik et al., 2011) . Another example would be using EPN and acaricides in glasshouses for suppressing Colorado potato beetle (Leptinotarsa decemlineata) and spotted spider mite on eggplants. Laznik et al. (2010) confirmed that the foliar application of EPN is effective against larval and adult stages of Colorado potato beetle in the field.
If EPN and pesticides are not compatible, we can solve the problem by selecting a time interval between individual applications, and the length of the interval depends on how long pesticides remain in the soil or on plants ( Koppenhöfer & Grewal, 2005) . It is recommended to wait at least 1-2 weeks after the application of pesticides before applying EPN. EPN species differ in their compatibility with individual chemical or biological substances (Laznik et al., 2012; Laznik & Trdan, 2014) . Some substances used as inert ingredients or additives to pesticide formulations can be toxic for EPN. This is why we should research the compatibility of each pesticide formulation in combination with individual species and the EPN race before applying it to plants (Koppenhöfer & Grewal, 2005) .
A combination of two agents for pest control can bring about an antagonistic, complementary or synergistic relationship between agents (Koppenhöfer & Grewal, 2005) . This affects the mortality of the host (insect). A complementary relationship between agents means that there is no interaction between the two as they both have a distinct influence, while synergistic and antagonistic relationships make the combination we apply on plants either more or less effective than it is in the case of a complementary relationship between agents. Synergism is defined as a combined action of agents that provides better results than the individual use of agents. Antagonism means that the effects of agents are mutually reduced, such that the combination is consequently less effective (Koppenhöfer & Grewal, 2005) . A combination of EPN and acaricides could save time and money as an integrated control option for mites and harmful organisms in agricultural and decorative plants.
The aim of our investigation was to increase the knowledge of EPN susceptibility to agrochemicals (acaricides), thereby determining the suitability of EPN for IPM programmes. We tested different EPN species (Steinernema feltiae, S. carpocapsae, S. kraussei and Heterorhabditis bacteriophora) and studied their survival in combination with several commercial acaricides currently used in Slovenia for mite (Acarina, Arachnida) protection. The tested acaricides were Apollo 50 SC (active substance (a.s.) clofentezine), Envidor SC 240 (a.s. spirodiclofen), Masai (a.s. tebufenpyrad), Ortus 5 SC (a.s. fenpyroximate) and Triathlon (a.s. abamectin and pyrethrin). The selection of the acaricides was based on their frequent use in our agroecosystems and their different chemical composition (different a.s.). The laboratory study was done at three different temperatures.
Materials and methods

ACARICIDES
In this study, five commercial acaricides registered against different mite species in Slovenia were evaluated (Table 1) .
ENTOMOPATHOGENIC NEMATODES
The EPN used in the bioassay were S. feltiae, S. carpocapsae, S. kraussei and H. bacteriophora. All EPN were obtained from BASF. All EPN species were reared using last instar larvae of Galleria mellonella. The production of G. mellonella larvae was carried out in accordance with the methodology adapted by Laznik & Trdan (2014) using an artificial diet modified by Parra (1998) . We used only IJ that were less than 2 weeks old. The IJ were stored at 4°C at a density of 3000 IJ ml −1 . The concentration of the EPN suspension was prepared according to Laznik et al. (2012) . Before the start of the compatibility experiment, EPN viability was determined and only EPN stocks with >95% survival were used (Laznik & Trdan, 2016) .
COMPATIBILITY BIOASSAY BETWEEN EPN AND
ACARICIDES
All acaricides were tested at the highest recommended concentrations (except Triathlon). Stock solutions of the acaricides were prepared in distilled water. We added 3 ml of IJ at a density of 3000 IJ ml −1 to 15 ml of the acaricides prepared at 120% of the recommended concentration. The added solution (15 ml) brought the concentrations (120%) of the acaricides to the recommended rate (100%). The only exception was acaricide Triathlon. Since the commercial product was already a prepared spray for application, the added suspension of IJ brought the concentration of Triathlon to 80%. Each plastic Petri dish (40 × 10 mm; Kemomed) received 3 ml of the given solution. IJ were counted in Petri dish arenas at each step (before being added to the acaricide and immediately after mixing). Five replicates were used per treatment, with the experiment being repeated three times. Water was used as a control treatment. The Petri dishes were placed in a rearing chamber (RK-900 CH; Kambič Laboratory Equipment) without light and at temperatures 15, 20 and 25°C at a relative humidity of 70%. The Petri dishes were placed in the chamber and randomised. The effect of evaporation at all tested temperatures was negligible. The viability of the IJ incubated in the different chemicals was assessed after 4 and 24 h by removing 5 × 10 μl subsamples from each of the replicated treatments. Every treatment was repeated five times, and the whole experiment was repeated three times. For each treatment, 75 drops of 10 μl subsamples were observed. EPN that did not move even after prodding were considered dead.
STATISTICAL ANALYSES
For all the treatments and control, Levene's test was used to check for homogeneity of variances. The data, expressed as a percentage of IJ mortality, were corrected for control mortality with Abbott's (1925) formula. All data (including different acaricide treatments, temperatures, EPN species, replication in time and replication in space) were pooled. Corrected mortality was transformed by arcsine and subjected to variance analysis (ANOVA) to determine treatment effects in each nematode species. Mean separations were performed using Tukey's procedure with α = 0.05 (Laznik & Trdan, 2017) . The data for each nematode species and temperature were analysed separately. The analysis was done with the program Statgraphics Plus for Windows 4.0 (Statistical Graphics, Manugistics).
Results
The data analyses of the pooled results after 4 and 24 h of exposure are presented in Tables 2 and 3 . 
GENERAL ANALYSIS
The highest mortality of IJ was after 4 h of exposure observed at 15°C (25.4 ± 1.6%), while there were no differences in mortality of IJ at 20°C (15 ± 1.2%) and 25°C (15.5 ± 1.6%). Steinernema feltiae was the species most sensitive to the tested acaricides. After 4 h of exposure, the mortality of S. feltiae IJ was 23.9 ± 1.9%, while the mortality of other tested species ranged from 15.5 ± 1.7% (H. bacteriophora) to 18.7 ± 1.8% (S. kraussei). After 4 h of exposure, all tested acaricides influenced the mortality of the EPN species. The highest mortality of IJ was observed in abamectin/pyrethrin (15.4 ± 2.6%) and tebufen- pyrad (11.7 ± 2.4%). The lowest mortality was observed in fenpyroximate (6.9 ± 1.9%) and spirodiclofen (6.2 ± 2.5%).
The lowest mortality of IJ was after 24 h of exposure observed at 20°C (29.3 ± 1.9%), while there were no differences in mortality of IJ at 15°C (37.5 ± 2%) and 25°C (34.5 ± 2.4%). Steinernema feltiae (IJ mortality: 41.1 ± 2.3%) and S. kraussei (IJ mortality: 40.8 ± 2.9%) were the species most sensitive to the tested acaricides. The mortality of H. bacteriophora (25.6 ± 2%) and S. carpocapsae (28.3 ± 1.9%) was significantly lower. After 24 h exposure, all tested acaricides influenced the mortality of tested EPN species. The highest mortality of IJ was observed in abamectin/pyrethrin (40.1 ± 3.7%). The lowest mortality was observed in fenpyroximate (17.9 ± 2.4%).
Heterorhabditis bacteriophora
The highest mortality of H. bacteriophora IJ was after 4 h of exposure observed at 15°C (28.5 ± 3.1%), while there were no differences in mortality of IJ at 20°C (8.9 ± 1.9%) and 25°C (9.1 ± 1.9%). After 4 h of exposure, all tested acaricides influenced the mortality of H. bacteriophora IJ. The lowest mortality of IJ was observed in fenpyroximate (3.2 ± 2.8%), while the mortality of IJ in the other tested acaricides ranged from 7.7 ± 2.8% (clofentezine) to 15.0 ± 6.5% (tebufenpyrad).
The highest mortality of IJ was after 24 h of exposure observed at 15°C (42.5 ± 3.3%), while there were no differences in mortality of IJ at 20°C (18.6 ± 2.6%) and 25°C (15.6 ± 2.8%). After 24 h of exposure, all tested acaricides influenced the mortality of H. bacteriophora IJ. The lowest mortality of IJ was observed in fenpyroximate (5.7 ± 3%), while the mortality of IJ in the other tested acaricides ranged from 15.8 ± 5.1% (clofentezine) to 29.4 ± 5.1% (abamectin/pyrethrin).
Interactions between the temperature, exposure time, and different acaricides used in our investigation proved to be significant. After 4 h of exposure at 15°C, all tested acaricides influenced the mortality of H. bacteriophora IJ, and the mortality ranged from 7.2 ± 5.6% (fenpyroximate) to 45.1 ± 8.1% (tebufenpyrad) ( Table 4) . After 24 h of exposure at 15°C, the mortality of IJ was higher and ranged from 14.1 ± 3.5% (fenpyroximate) to 52.8 ± 8.5% (tebufenpyrad) ( Table 5 ). At 20°C (after 4 h of exposure), only spirodiclofen (16.3 ± 4.8%) influenced the mortality of IJ (Table 4) . After 24 h of exposure (at 20°C), only spirodiclofen (22.3 ± 7.3%) and abamectin/pyrethrin (26.3 ± 5.2%) influenced the mortality of IJ (Table 5 ). All other tested acaricides have no effect on the mortality of IJ. At 25°C (after 4 h of exposure), only active spirodiclofen (8.5 ± 4.8%) and clofentezine (11.2 ± 2.9%) influenced the mortality of IJ (Table 4) . Abamectin/pyrethrin (23.6 ± 12%) proved to be lethal to H. bacteriophora IJ at 25°C after 24 h of exposure, while the other tested acaricides had no effect on survival of IJ.
Steinernema feltiae
The lowest mortality of IJ was after 4 h of exposure observed at 20°C (16.9 ± 2.9%), while there were no differences in mortality of IJ at 15°C (28.9 ± 2.3%) and 25°C (25.7 ± 4.3%). After 4 h of exposure, all tested acaricides influenced the mortality of S. feltiae IJ. The lowest mortality of IJ was observed in fenpyroximate (13.5 ± 2.3%), while the mortality of IJ in the other tested acaricides ranged from 16.0 ± 5.3% (spirodiclofen) to 24.1 ± 4.2% (abamectin/pyrethrin).
The lowest mortality of IJ was after 24 h of exposure observed at 20°C (30.9 ± 3.7%), while there were no differences in mortality of IJ at 15°C (44.7 ± 2.8%) and 25°C (48.6 ± 4.8%). After 24 h of exposure, all tested acaricides influenced the mortality of S. feltiae IJ. The lowest mortality of IJ was observed in tebufenpyrad (22.9 ± 6.4%), while the mortality of IJ in the other tested acaricides ranged from 26.5 ± 5.8% (spirodiclofen) to 44.3 ± 5.4% (abamectin/pyrethrin).
Interactions between the temperature, exposure time and different acaricides were significant. After 4 h of exposure at 15°C, only tebufenpyrad had no effect on the mortality of IJ. All other tested acaricides influ- enced the mortality of IJ and ranged from 19.1 ± 4.5% (spirodiclofen) to 22.6 ± 3.4% (abamectin/pyrethrin) (Table 4). After 24 h of exposure at 15°C, the mortality of IJ was higher and ranged from 20.3 ± 7.1% (abamectin/pyrethrin) to 41.7 ± 2.3% (clofentezine) (Table 5). At 20°C (after 4 h of exposure), only clofentezine (13.9 ± 5.4%) influenced the mortality of IJ (Table 4) . After 24 h of exposure (at 20°C), only spirodiclofen and tebufenpyrad had no effect on the mortality of IJ (Table 5) .
At 25°C (after 4 and 24 h of exposure), all tested a.s. influenced the mortality of IJ (Tables 4 and 5 ).
Steinernema carpocapsae
Temperature had no influence on the mortality of IJ after 4 h of exposure (15°C: 18.2 ± 3.9%; 20°C: 18.7 ± 2.2%; 25°C: 15.5 ± 2.3%). After 4 h of exposure, only tebufenpyrad (6.4 ± 4.1%) and abamectin/pyrethrin (7.6 ± 3.1%) influenced the mortality of S. carpocap-sae IJ. Temperature had no influence on the mortality of IJ after 24 h of exposure (15°C: 30 ± 4.3%; 20°C: 25.9 ± 2.4%; 25°C: 28.8 ± 2.7%). After 24 h of exposure, all tested acaricides influenced the mortality of S. carpocapsae IJ. The highest mortality of IJ was observed in clofentezine (24.7 ± 4.7%), while the mortality of IJ in the other tested acaricides ranged from 13.8 ± 5.8% (abamectin/pyrethrin) to 16.3 ± 4% (tebufenpyrad).
Interactions between the temperature, exposure time and different acaricides were significant. After 4 and 24 h of exposure at 15°C, only spirodiclofen had no effect on the mortality of IJ. All other tested acaricides influenced the mortality of IJ (Tables 4 and 5) .
At 20°C (after 4 h of exposure), only clofentezine, spirodiclofen and fenpyroximate had no effect on the mortality of IJ (Table 4 ). All other tested acaricides influenced the mortality of IJ and ranged from 9.8 ± 5.6% (tebufenpyrad) to 19 ± 4.9% (abamectin/pyrethrin) ( Table 4) . After 24 h of exposure (at 20°C), only clofentezine and fenpyroximate had no effect on the mortality of IJ (Table 5) . At 25°C after 4 h of exposure, all tested a.s. influenced the mortality of IJ (Table 4) . After 24 h, only clofentezine (18.2 ± 6.4%) and spirodiclofen (20.6 ± 5.6%) influenced the mortality of IJ.
Steinernema kraussei
The highest mortality of IJ was after 4 h of exposure observed at 15°C (27.1 ± 3.5%), while there were no differences in mortality of IJ at 20°C (15.4 ± 2.4%) and 25°C (14.7 ± 2.9%). After 4 h of exposure, all tested acaricides influenced the mortality of S. kraussei IJ. The lowest mortality of IJ was observed in fenpyroximate (8.5 ± 4.3%), while the mortality of IJ in the other tested acaricides ranged from 9.5 ± 3.4% (clofentezine) to 19.2 ± 6.2% (abamectin/pyrethrin).
The lowest mortality of IJ was after 24 h of exposure observed at 15°C (33.9 ± 4.7%), while there were no differences in mortality of IJ at 20°C (43.5 ± 4%) and 25°C (45 ± 4.1%). After 24 h of exposure, all tested acaricides influenced the mortality of S. kraussei IJ. The lowest mortality of IJ was observed in fenpyroximate (17.1 ± 5%), while the mortality of IJ in the other tested acaricides ranged from 23.1 ± 6.9% (tebufenpyrad) to 73.8 ± 7% (abamectin/pyrethrin).
Interactions between the temperature, exposure time and different acaricides were significant. After 4 h of exposure at 15°C, all tested acaricides influenced the mortality of H. bacteriophora IJ, and the mortality ranged from 7.2 ± 5.6% (fenpyroximate) to 45.1 ± 8.1% (tebufenpyrad) (Table 4) . After 24 h of exposure at 15°C, the mortality of IJ was higher and ranged from 14.1 ± 3.5% (fenpyroximate) to 52.8 ± 8.5% (tebufenpyrad) ( Table 5) . At 20°C (after 4 h of exposure), only spirodiclofen (16.3 ± 4.8%) influenced the mortality of IJ (Table 4) . After 24 h of exposure (at 20°C), only spirodiclofen (22.3 ± 7.3%) and abamectin/pyrethrin (26.3 ± 5.2%) influenced the mortality of IJ (Table 5 ). All other tested acaricides had no effect on the mortality of IJ. At 25°C (after 4 h of exposure), only spirodiclofen (8.5 ± 4.8%) and clofentezine (11.2 ± 2.9%) influenced the mortality of IJ (Table 4) . Abamectin/pyrethrin (23.6 ± 12%) proved to be lethal to H. bacteriophora IJ at 25°C after 24 h of exposure, while the other tested acaricides had no effect on survival of IJ.
Discussion
The current investigation studied the compatibility of several chemical acaricides with different EPN species. The results of our research, as well as those of previous research (Georgis, 1990; Rovesti & Deseö, 1990; Laznik & Trdan, 2014) , confirmed that the compatibility of EPN with pesticides is possible, yet it depends on the interaction between EPN species, the active substance and temperature.
Temperature in our experiment proved to be an important limiting factor that influences the survival of EPN in suspension with acaricides. The highest mortality of EPN was at 15°C, which contradicts our studies where we observed higher survival of EPN in suspension with the studied pesticides at lower temperatures (Laznik et al., 2012; Laznik & Trdan, 2014 , 2017 . Temperature represents an important abiotic factor for the survival of EPN (Stuart et al., 2015) . Temperature stress affects different EPN species differently (Gaugler, 2002) . In general, EPN most effectively parasitise their hosts at temperatures between 20 and 30°C; there are differences between individual EPN species. Steinernema feltiae effectively parasitises insects at a temperature as low as 8°C, whilst S. riobrave is active at temperatures above 35°C (Gaugler, 2002) . At lower temperatures the metabolism of EPN slows down and they become inactive; similarly, at temperatures above 40°C the metabolic activity of EPN intensifies to the extent that they begin to utilise energy reserves, which results in death (Grewal et al., 1994) . Research has shown that, in general, temperatures above 32°C negatively influence reproduction and survival of EPN (Gaugler, 2002) . As stated earlier, most EPN function best in a temperature range between 20 and 30°C. Their metabolism functions optimally, and research has shown that their mortality in mixtures with pesticides is at its highest in precisely this temperature range (Laznik & Trdan, 2014 , 2017 ).
An important finding in our investigation was that the mortality of IJ was highest at the lowest studied temperature. Our results are different to results obtained by other researchers in related studies. They found that the mortality of EPN increased at higher temperatures. We believe that the difference is due to using commercial strains. Our idea can be supported by the study carried out by Stuart & Gaugler (1996) . These researchers reported a possible loss of natural characteristics of EPN when cultivated in vitro. All the nematodes used in our experiment were cultivated in a medium and were not isolated from soil. We suppose this could be the reason why mortality was highest at the lowest temperature used in our experiment. Further research into the influence of acaricides on EPN natural populations is required in order to confirm our hypothesis.
The results of this study, along with previous related research (De Nardo & Grewal, 2003; García-del-Pino & Morton, 2010; Laznik & Trdan, 2017) in which the compatibility of pesticides with EPN was evaluated, revealed that compatibility is species-specific. The most tolerant species of EPN in our experiment was H. bacteriophora, where the mortality of its IJ in a suspension with acaricides was the lowest, while the mortality of IJ in mixtures with acaricides was the highest in S. feltiae. One reason why H. bacteriophora tolerates acaricides better might be that infective dauer juveniles are usually ensheathed until they enter the host, whereas most steinernematid individuals lose the sheath during storage (Gaugler, 2002) . As uptake by feeding cannot be causing the effect on the dauers, it is most probable that the cuticle of second-stage dauers might provide better protection and reduce uptake of the chemical by the nematode.
Susceptibility of EPN species to the studied acaricides was conditioned by temperature, exposure time and by the type of active substance. The a.s. fenpyroximate proved to have the lowest nematicidal effect. After 4 h exposure at both 20 and 25°C, no mortality was observed in the IJ of S. kraussei, S. carpocapsae and H. bacteriophora. After 24 h at these temperatures, mortality only increased in S. kraussei. Results with other a.s. also confirmed that the length of exposure to acaricides is an important factor that influences the survival of EPN. We obtained similar findings in previous research where we studied the compatibility of EPN and fungicides (Laznik et al., 2012) , insecticides (Laznik & Trdan, 2014 ) and herbicides (Laznik & Trdan, 2017) . Despite the numerous studies that have dealt with the compatibility of EPN and pesticides in the last 30 years, authors have not mentioned the compatibility of EPN with the a.s. clofentezine, spirodiclofen, tebufenpyrad and fenpyroximate (Laznik & Trdan, 2017) . The only a.s. researched and previously included in our research is abamectin. Abamectin is a widely used insecticide, acaricide and anthelmintic. Some previous research (Head et al., 2000; Laznik & Trdan, 2014; Sabino et al., 2014) showed that the a.s. abamectin has nematicidal effects on different EPN species (S. feltiae, S. carpocapsae and S. kraussei). Laznik & Trdan (2014) reported that the EPN species H. bacteriophora is compatible with this a.s. This research shows that EPN H. bacteriophora is only compatible with the preparation containing abamectin after a 4 h exposure at 20 and 25°C. After a 24 h exposure, mortality occurred at all the studied temperatures. The difference in the results of the current and previous research (Laznik & Trdan, 2014) can be explained by the fact that our previous research utilised a different strain of H. bacteriophora and that the preparation contained pyrethrin as well as abamectin. To confirm our supposition, we would have to test the same preparation and the same EPN strain, as compatibility with pesticides is not only species-characteristic but also strain-specific (Laznik et al., 2012; Laznik & Trdan, 2014) .
The compatibility of EPN with different pesticides has already been researched in many laboratory experiments (Rovesti & Deseö, 1990; De Nardo & Grewal, 2003; García-del-Pino & Morton, 2010; Laznik & Trdan, 2014 , 2017 . The results of all research have shown that pesticides from the same chemical group can vary considerably, and their compatibility with EPN is questionable. These results were obtained by combining different strains of the same EPN species with different pesticides from the same chemical group (Laznik et al., 2012; Laznik & Trdan, 2014) . Our research has shown that the majority of the studied active substances with acaricidal properties negatively influence the survival of EPN. The exception was fenpyroximate, which our research proved compatible with H. bacteriophora and S. carpocapsae.
The combination of EPN and the acaricides could save time and money by simultaneously suppressing insects and mites in glasshouses. In future, the combinations should be target-tested on both harmful organisms to examine whether the infectiveness of EPN is retained in mixtures with acaricides.
